: High-pressure high-temperature behavior of polymer derived amorphous B-C-N. Abstract: Dense diamond-like BCN compounds are of interest due to their extreme hardness and predicted excellent thermal and chemical stability, which are superior to those of diamond and c-BN. Here, we report on the high-pressure high-temperature (HP-HT) behavior of amorphous BC 2 N and BC 4 N -as potential precursors for HP-HT synthesis of diamond-like BCN. Prepared via hydroboration reaction of piperazine borane and pyridine borane, respectively, amorphous BC 2 N and BC 4 N are characterized by well-mixed B-N, C-C and C-N bonds, confirmed by XPS analysis. These BCN compositions were subjected to pressures between 5-12 GPa and temperatures up to 1700 °C using multi-anvil apparatus and toroid-type press. In-and ex-situ X-ray diffraction reveals the decomposition of BC 4 N to graphite and h-BN between 5 and 12 GPa above 500 °C, in contrast to BC 2 N which remains amorphous up to 1600 °C.
Introduction
Dense B-C-N ternary phases have drawn considerable attention during last two decades due to their predicted properties, making them the best alternative to diamond and c-BN [1] : Super-hard BCN phase is believed to be harder than c-BN and to have better thermal and oxidation stability than diamond [1, 2] . Moreover, a variety of attracting properties were reported recently for BCN nanostructures: enhanced lithium storage capability for battery application [2] , compositionally tunable electronic properties [3] , photo-luminescence [4] and hydrogen storage properties [5] [6] [7] . Many efforts were undertaken to achieve crystalline ternary BCN under high-pressure high-temperature (HP-HT) conditions. HP-HT experimental studies on BCN were initiated by Badzian et al. [8] , who reported formation of mixed crystals of c-BN and diamond. Subsequent HP-HT studies can be roughly divided into two categories: i) Synthesis at 20 GPa and above, focusing on superhard cubic B-C-N phase; ii) synthesis below 20 GPa, focusing on crystalline graphitic ternary B-C-N. As our experiments above 20 GPa will be discussed elsewhere, this article is focused on the HP-HT behavior of amorphous B-C-N precursors below 20 GPa. With respect to the previous studies of B-C-Ns below 20 GPa, Nakano et al. [9] and Sasaki et al. [10] subjected graphitic BC 2 N to 7.7 GPa, 2000-2400 °C and 5.5 GPa, 1400-1600 °C (with Cocatalyst), respectively, and indicated phase separation into cubic boron nitride and diamond. Later Solozhenko et al. [11] studied graphite-like BC 4 N up to 1800 °C and 7 GPa using multi anvil press and showed its metastable behavior. Nicolich et al. [12] reported the formation of ordered graphitic ternary crystals from turbostratic BCN around 3-5 GPa and 1200-1500 °C. Hexagonal BCN (h-BCN) was obtained by Tian et al. [13] at 5.5 GPa and 1600 °C using Ca 3 B 2 N 4 catalyst. Several recent papers reported formation of h-BCN [14] , orthorhombic BC 3.3 N [15] , solid solutions of c-BN in carbon [16] , and even c-BCN below 20 GPa and 2000 °C [17] [18] [19] . However, the reported results are rather contradictory and neither provide clear evidence of the single BCN phase nor give unambiguous structural and compositional information.
In the present paper we report on the HP-HT behavior of amorphous BC 2 N and BC 4 N, which are synthesized via hydroboration reaction of piperazine borane and pyridine borane, respectively [1, 20, 21] . The HP-HT experiments between 5 and 12 GPa and up to 1700 °C were realized using multi anvil and toriod-type presses. The samples were characterized by in and ex-situ X-ray diffraction (XRD).
Experimental

In-situ synthesis in multi-anvil (MAX80) press
In-situ HP-HT energy-dispersive X-ray powder-diffraction (EDXRD) experiments were performed in a cubic multi-anvil apparatus, MAX-80, installed at the F2.1 beamline at Hasylab (DESY, Hamburg). A few milligrams of samples were loaded into a graphite cylinder, serving as sample chamber as well as resistance heater in the middle of a boron-epoxy cube. A mixture of NaCl/h-BN for pressure calibration was placed above and below the sample in the cylinder. The sample was separated from the pressure standard with a thin layer of h-BN. The cubic cell was located between six tungsten carbide anvils driven by the large hydraulic press. Electric current was sent through the graphite heater via two opposite anvils. The temperature was measured with a Pt10%Rh-Pt thermocouple, inserted perpendicularly to the axis of the furnace in the h-BN layer above the sample. Actual pressure applied to the samples was calculated from the equation of state of NaCl [22] . The 8 mm and 6 mm cubes were used for experiments up to 5 GPa and 7 GPa, respectively. The schematic diagram of the cube is given in figure 1. Samples were heated up to 1700 °C in steps of 100 °C/min and EDXRD patterns were collected at every step. After the desired temperature was reached, samples were quenched by turning off the electric current, and the sample cube was recovered after slow decompression. EDXRD was collected by using a white beam with a spot size of 0.7 mm in the energy range 2-80 keV and a high purity Ge solid state detector fixed at the diffraction angle 2θ = 9.03°. The diffraction angle was calculated from NaCl spectra taken at ambient pressure. In the figures, the EDXRD data were plotted as intensity vs. 2θ (by fixing λ= 0.70931 Å) for the sake of comparison with other XRD data.
Toroid experiments
Synthesis in the toroid-type press was carried out using a 8.5 mm toroidal pressure cell with a lithographic limestone gasket [23] . The starting amorphous BC 2 N and BC 4 N powders were loaded into 2.8 mm outside diameter, 0.05 mm wall thickness, and 2.5 mm length molybdenum (Mo) foil capsules and pre-compressed in a metal die. The capsule was inserted into the middle of the Mo cylinder of 7.5 mm in height and 0.0025 mm in thickness, serving as heating chamber. The rest of the volume in the cylinder was filled by zirconium oxide plungers. The schematic diagram of the cell is given in figure  2 . The pressure-versus-ram load relation of the device has been calibrated using phase transformations of Bi at 2.55 and 7.7 GPa at room temperature, in combination with the general shape of the pressureload curve of these devices [23] . The temperature was estimated from the applied electric power using the spontaneous nucleation of diamond from Ni-Mn-Graphite (~1500°C) [24] and sintering of α-Si 3 N 4 powder as reference points. After compression to ~ 12.0 GPa at room temperature, the samples were heated up to the target power level (corresponding to T = 1000-1100 °C) which was kept for 5 min. Then, the samples were quenched to room temperature before the pressure was released.
After the experiments, the capsules containing HP/HT-treated samples were recovered by cutting the cube/cell with a diamond disc. Then the graphite-and Mo-capsules were broken by using a diamond wire saw and a hard metal tool, respectively. The quenched samples were extracted and ground in a mortar to obtain a fine powder for subsequent characterization.
Characterization
The carbon (C), nitrogen and oxygen (N & O) content in BC 2 N and BC 4 N precursors were determined by combustion analysis using LECO C-200 and LECO TC-436, respectively. Angle-dispersive X-ray powder diffraction data were collected in capillary-sample transmission geometry (HP/HT-treated samples) and flat-sample transmission geometry (starting specimens) on a STOE STADI P diffractometer with Mo-Kα1 (λ= 0.70931 Å) radiation with a position-sensitive detector having 6° aperture. XPS investigations were carried out in PHI-VersaProbe-II using monochromatic Al-Kα (1486.6 eV) radiation as a photon excitation source.
Results and Discussion
Precursor synthesis and characterization
The precursors BC 2 N and BC 4 N were prepared by the hydroboration reaction of piperazine borane and pyridine borane, respectively [1, 20] XPS results confirm the presence of C-C, C-N, N-C, N-B, B-N and B-N-C [27, 28] bondings as well as indicate the presence of C-O or C=O bondings in BC 2 N due to surface absorbed oxygen (2.4%), which was also revealed by elemental analysis. Estimation of the intensity ratios of the different bonding energies indicates high amount of C-C and B-N type bonding; however, the presence of noticeable amount of N-C, C-N [29] and B-N-C [27] bonds is also unambiguous. In contrast, the B-C bondings were not observed in both precursors.
Results of In-situ Multi-Anvil and Toroid experiments
In-situ XRD patterns for BC 2 N at 5 GPa and BC 4 N at 7 GPa are shown in figures 4 and 5 respectively. The main intense peak (marked) is related to the graphite heater surrounding the sample. The samples exhibit the broad reflections which are similar to those measured ex-situ on the starting material (see figure 3 ). As one of the broad reflections (at 2θ ~10°) is over lapping the (002) graphite reflection from heater, the other broad regions give a hint about the samples under HP-HT conditions. From the figures 4 and 5 it can be seen that BC 2 N and BC 4 N remain amorphous up to 1500 °C and 500 °C, respectively. During further heating at a given pressure, a new peak (around 2θ ~ 20°) started to appear at 1600 °C and 600 °C for BC 2 XRD patterns of the recovered samples from the toroid experiments at 12 GPa and ~ 1000°C are shown in figure 7. They show that BC 2 N remains amorphous even after exposing to HP-HT conditions, whereas BC 4 N decomposes into h-BN and graphite. The additional reflections were assigned to molybdenum carbides (Mo 2 C and MoC), thus indicating that the molybdenum capsule reacted with the part of the sample. The results of ex-situ toroid experiments are in agreement with the above described in-situ multi-anvil studies, where BC 4 N decomposed into h-BN and graphite at temperature exceeding 500 °C. Similarly, BC 2 N has been found to maintain its amorphous nature up to 1600 °C at 5 GPa in multi-anvil and up to ~ 1100 °C at 12 GPa in the toroid experiment. 
Conclusions
We have synthesized polymer derived ceramic precursors BC 2 N and BC 4 N having predefined bondings, which are also amorphous in nature. Our high pressure experiments (5-12 GPa) indicate that BC 4 N decomposes to h-BN and graphite at temperatures above 500 °C, whereas BC 2 N remains amorphous up to 1600 °C at 5 GPa and up to 1100 °C at 12 GPa.
In order to achieve crystalline ternary phases in the B-C-N system one may need to investigate the behavior of these precursors at pressures exceeding 15 GPa. As both precursors tend to convert into mixtures of thermodynamically stable phases like h-BN and graphite, systematic kinetic studies at high pressure (e.g., upon variation of the heating time and temperature) are necessary in order to evaluate the formability of ternary B-C-N phases in future HP-HT experiments.
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